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Temperature dependence of the Raman OH-stretching overtone

from liquid water

W. 8. Moncsmith and G. E. Wakaten
Derartment of Chemustry, Howard University. Washingion D.C. 20059 )

The first Raman overtone of the OH-stretching vibration from highly punfied hquid water has
been eaamined quantitatively in the temperature range of 20-98 °C. and at frequencies from about
5500-3000 cm ~*. The overtone Raman spectra show contour shapes. depolarization ratio
dispersion, and an isosbestic {requency (6960 + 25 cm = ', uncorrected; 6900 £ 25 cm ™ ', densaty
and refractive index corrected) which. apart from the effects of anharmonicity. tend to mimic the
fundamenta), including its major four-component substructure. The two components st about
7030 and 6850 cm ~' were interpreted, respectively, in terms of nonhydrogen-bonded OH, and
triply hydrogen-bonded OH groups. which are common to the three-bonded H,O species,
whereas two components at about 6665 and 6160 cm ™' were interpreted as intermolecular
coupling components of the fully hydrogen-bonded, i.c.. four-bonded H,O species A 477 °valueof
~ 2.5 Kcal/mol hydrogen bond was obtained from the temperature dependence of ranos of the
combined component intensities of these two pairs, in agreement with results from previous
Raman fundamentsl measurements. The feature near 6160 cm ~* was found to be better resolved
in the spectrum than its fundamental analog. indicating that anharmonicity is sadvantageous in

elucidating contour substructure.

t. INTRODUCTION

The overtones of the OH-stretching vibratien frorm: l.q-
uid water have been siudied for many years by infrared tech-
rques, and some of the most thorough afrared overzone
wark on aqueous svsiems has been reported by Luck and co-
workers.! The infraced spectra of liguid H,0. D.0O, and
HDO are characterized by a large number of intense over-

tone and combination bands.'* Unfortunately, the Raman

OH-overtone spectrum is extremely weak, and thus all of the
Raman work was restricted, until recently,’* to the funda-
mental region of the spectrum (i.c., below ~4000 cm ™).

The OH-stretching vibration has been found to be very
sensitive 10 the details of the hydrogen bonding in water.>*
This sensitivity is useful because it gives rise to spectral fea-
tures related 10 vanous perturbations of the OH vibration.
Unfortunately a unique interpretation of the observed broad
spectral features has been difficult to achieve. The svailable
data for the most part are supportive of s mixture model
invoiving hydrogen-boaded species, plus OH groups that are
essentially free, but some workers have not entirely aban-
doned continuum models.” However, because the free OH
groups and the bydrogen-bonded species, particularly the
latter, are distributed in frequency, it is evident that the mix-
ture and continyum descriptions are, in some regards at
least, a matter of semantics.

Two further mechanisms, namely, Fermi resonance
and iotermolecular coupling have led to contour breadth
* and have caused probiems in interpretation. Fermi reso-
. mance msy occur because the symmetric stretching vibration
of the H,O molecule has the ssme A, symenetry species as the
overtone of the bending vibration. Intermolecular coupling
- srises from the coupling that neardy oscillators experience
. when they are strongly perturbed by hydrogen bonds. The

an

Fermi resonance effects have never been unequivocally iso-
lated in the spectrum, although clear evidence for intermole-
cular coupling has recently been developed from dilution
sxpenmen:s.’®’

The Raman OH-streiching overtone spectrum kas fe.
sently been reported for liguid water by Beisiey and Sceaws ?
Taeir resuits. bowever, were compiicated by the presence of
an intense sloping background due to fluorescence from an
impurity. We now present new results based on Raman data
which represent a considerable improvement over those pre-
viously reported.’ This improvement resulted from the use
of very rigoroutly purified water, which lowered the Auores-
cence level, and also from relstively higher® Raman signal
levels, resulting from high (4.5 W, 488 nam) laser power lev.
els.

Our improved Raman OH-stretching overtone results
show new features (e.g.. 8 broad, strongly polanized compo-
nent is now seen toward the low-frequency side of the OH
peak). This new festure is thought 10 be the analog of the
shoulder observed in the fundemental spectrum near ~ 3240
cm~'. Our spectrs also show an isosbestic frequency in the
tempersture range 20-95° C which agrees with reported in-
frared overtone isosbestic values.' and which is consistent
with isosbestic frequencies obtained from the fundamental
Raman region of liquid water.''? We also have measured
depolarization ratios over the entire frequency range of the
OH -stretching overtone contour.

The details of the present results follow, but the signifi-
cant feature of the improved Raman data 1s that they seem to
demard the conventional picture of an ovenone region
which essentially shows the free OH and broad hydrogen-
bonded species contnbutions, plus coupling effects, sll as
modified by vacious degrees of snharmonicity across the
overtone contour. This picture contrasts strongly with the




recently proposed explanation which stemmed from data of
lower reliabiity and smaller frequency range.’

I EXPERIMENTAL PROCEDURES

Overtone Raman specira were ootaned from highly
punfied water hindly prossded by M Bernett of the Naval
Research Laboratory, Washngton, D C The water was a1l
tered and devonized pnor 1o tnple dotitlaton sn o fused i
still. The sloping bach ground reported esrhier in the Raman
spectrum,’ sull perusted 10 some eatent when this water was
used, but 1t was greatly reduced. For ordinary disulled wa-
ter. the intense fluorescence back ground les el becomes even
more proacunced as the temperatuse nses. and it may 1n-
crease by 2 or J umes its ongmal intensity at 93 °C. Rigorous
punficaon, howeves, lowers this effect as well. It 15 also
important to clean the water storage contatner and the Ra-
man cell with chromuc acid solution pnoe 10 use

Raman spectra were obtained with 3 J- ¥ double-mono-
chromator and 2 cooled Hamamatsu R928 photomultipher
tude. A Spectra-Phyncs model 171 argon 1on laser was used
for aacnation. Ut delivered approzmately 4.3 W of vertically
polarized 438 am light o7 the semple. For polanzation mea-
surements, & sheet polarizer was inserted in froat of the col-
lection optics. A polarization scrambler was also employed
in front of the entrance slit. A phaton counnsg sysiem was
employed with a Nicolet snantel 1170 multichanna) analyzcs
Sat widths corresponding 10 15 cm ™ " were used for al! spec:
12 %

Decompos.ions of 1pesina uning Jaussian sompoaents
w33 acccmplisned Junyg 3 SuPont 110 anai g compa:er.

Bl EXPERIMENTAL AEZSULTS

Raman OH -stretciung overtone 113t overtone: spectra
reprasentative of the S /¥ ratio and fluorescence
level generally obtained in this work are shown in Fig | for
pure liquid water at 20 °C. The spectra are very wesk. despite
mmmmmmm.mmm
ingto 6 cm ™' and a power level of 4.5 W 3t the sampie. The
aumber of counts per second recorded st the intensity masi-
mum (without uhag the polanzation analyzert was about
1000 counts/s, of which approsimsately 750 counts/s result-
d!mhumﬁmomywms

' a5 1e="y
FIG. 1. Raman OM-strerchong oversone spertra from hgud waver ot 20 °C

Raw datai 1y refers 10 1he poionied spectram. snd /. 10 the depolanced
spectruen Dashed veriionl hees refer 10 paska. showlden, or mflertions

-2a

resulung pnmaniy fcom funrcicence due 10 impunties. The
ntensty of the OH -stretchung avertone was obacrved 10 be
about 107 * tumes that of the corresponding fundamental. see
also Ref 12. Thes weahness. of course, ss partly wstrymental,
because the ovenone contour ranges from 670-170 nm (with
488 am excrtation) w here the photomulupher response, grat-
ing efficiency. and geomeincal opical spectrometer condi-
thons e §.. cursed slit image wcanned by 2 sraght sl are all
unfavorable. Nevertheless, the present signai-o-back:
ground ratio of approuumately 3 cepresents 3 sigmficant im-
provement over the estimated ratio of 0.8 obtained by Bels-
ley and Sceais’ Furthermore. our background-corrected
(Raman) signal is about four umes larger than thars. We
recognize, nevertheless, that the wealness of our spectra stall
Lhmans the amount of quastitauve mnformanos that can be
extracted. compared W the fundamental Hence. only those
{eatures that were found 10 be common 10 aumernus repet:-
wons of the spectra are contudered reliabis. Aay mension of
Jearures reigtive 10 @ specyfic spectrum wull smply this gemera!

The polanzad spectrum of Fig. 1 L, shows an snsennty
maximum ngsr ~ 6750 cm ™, with an inflection acar ~ 7100
cm "~ suggestive of 3 high-frequency shoulder, and a very
broad tail centered near ~ 6200 cm ™! indicative of & low:
{requency componenat The depolsrized spectrum /_ shown
below in Fig 1. peake near ~ 678 esn ™' and shous 3 low.
{requency L Iike the /. spectrum, but 1t o prves evidence
3 3 lugh-frequency inflecon or Ihouiter neat ~ 942
Thus, reprocuaidie phvaical e derce exiis 133
wouid :acicate that she OH overione conwur 1 composed o
& Jeast four Hroad someonerts a8 = 9200 =874 ~e0%),
g =710 cm™ 2t 20°C Vanous aspecss of he specira
relating 10 {our COmpPOnents near these (reauencies are deve):
oped subsequently 1 thus work.

Nonlinear baselines under the /, and / spectra are
shown by dashed linss = Fig. (. These baveitne estimates
weare obtained by eaamunstions of 8 wde frequency range.
Their curvature is gradual compered to any Raman festures
scertmned from their wse. We regard intensitsss sbove these
baselines to represent the true Raman ateasty, withia our
prosent abulity o obtan . The mtenuty prodles were
smoothed and baseline subtraction was accomplished. Cor-
rection for effects of tempersture on refractive indes and
density was then made .’ No sttempt 10 Obtah wOLrOpsc
spectra (ie./, = (4, 73)] was made here. becsuse of uncer-
tunties in the /, and /, spectra.

Depolarization ratwos g = /, 7/, are plotied vs Rasman
frequency shift in cm ' 46 ia Fig. 2(20" C\. Basslne uncer-
tainties are less important here because they tand to cancel,
provided that they are consistent in shape for /, and /, .
However, the decreasing 5 /N ratio in the wings of the con-
tour leads to correspondingly large ertors (shown by ban.
Desprte such errors, the Fig. 2 data represent the At OH.
overtone depolarization messurement made below 6400
em ="' for iqumd water.

fhe masimum depolanzsiion ratio ooCurs neat
6740 £ 50 cm ~'. Alo the existence of a highly polanized
component neat 6200 cm ' is obvious, compare also with
Fig. 1. A highly polanzed low-frequency component near

o ™
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3250 cm = ' also occurs as & shoulder on the O -siresciung
fundamental Thes fasture s probably the analog of the 6200
cm” * shoulder

In conteaet 10 the data of Fig 2. Belies 308 Sceats
conluded from messuteretls dutnern akind aad Y
e "' that the Sepulaneation £a0 w2 Beatly COBaNt sty
€62 10 =33 [hes comcinsion | 3ad RIOTINCS2INS BTILNg
[rom it muts w3 2 MrPINAAE 31 WRMHIY 8 vy iF U
et liid

Ia F 3§ fout reerone Riman wDectss art sow o8N
SOTTMpOny (0 temperatures Jernesn J0 ang 2% °C. Tae mte-
goed Raman anutes X Uus fgute are Quantitatrvely
compersvie 10 ~ 1%

The Fig ) resuits compre one of Two seres of rums
sccomplished at four temperastures betwesn 0 :0d 93 °C A
third series of rums wus also carvied Out &t Sia Jomperatares.
Wicken an imtensey sccurscy of « 2%. no differences were
otaerved between corvesponding spectrs from (hase three
wene.

rom b o ol -l

Intonety Lieotogry Lwss)

as 1om™")
F10. ) Four evenvone Ramen spretre st SARTEN Mperarens shonwig o8
nesdmne frequency mihewted by e srvon. The WTer corvapund w the
felicwing remperateres: (Al 20°C. /B 83 T I VL. e T
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Tests for loag-term wntonuty dnft were also made Owne
of the senes savalvang (our tomperaturcs (Fig 3 was begun
a1 95 °C. Succesuive ruas were conductiod M decreavag tem-
peratures 10 20 °C. Then the measurements »ore repedied «a

' sewerse ipmpergiyre soguence. feom M 1o 93 °C. Specers cor-

responding 1o the same temperature wore fouad 10 be com-
pasable 10 withun 377 a1 the sntonsity mammum, and 10 277
oF beties W Uhe sntegrated eniennty . drapute the (a0t that the
e miennal between tihe 95 °C pasr was about 10k

Baschnes for the Fig. ) spectra were determmnnd 34 O¢-
scrbod previowsly. Smaoth curves aers Srawn through the
Wectra by averapeg the aone cxcursam. The smooth
cunves sgre thes dipsd wsng 3 HP-8Y computer. The
ogral data corvectad for varations W deneity and re-
fracerve indes. 350 replocted using 3 HP- 7470 plotter (Fig 3

In 20800 10 svadence Cted prevvously for four con-
10w cOmponents. 0 corvected spwetrs of Fig ) provde
evdence for 3 Sk raywcal obaervabie, aamety. 3 tegion of
CTOMARG. OF 38 UMbC, e frequency. mear @900 = 2$ cm ™'
However. an sosbhestic frequency »as aiso lound for the un-
corvected spectrs near 6940 = 35 om ™", In regard 10 tius,
Luck’ has reporied an wnfrared sosbestic frequency for pure
H,0 shich ccours twithout corvection) at 84S om™ " The
wacorrectsd wirared and Ramas vatues of 4843 om ™ * and
ol = 28 om " respectively. thay compare favpradhy Al
tow (1 that the snfrared 30d Rawman ovenione epecin stiow
Cnmmos ipbenial fregurniwes mdicaies that both sprctis
Mesuale 150 wQwhongm™® beraeen Siferent hydrogen:
WIS PeS A £ 1. 'our-aonied 1n thive-Honded! & pre:
sxoanis tomciuded om tadan o *he iTared and Raman
{ sasamentass

Coursian decompostions of 7ae Raman OM strewcning
{fundamental rom pure #500r have Dees rEPOrted Previously
weing four major components "4+’ Sumuiar four-Gausman
decompositions were sccomplished i this work for the over-
wae spectra ot tamperatures from 20 ¢ 93 °C. To achieve
these $sCOMPONtIons, however. X w25 WRPOrtAnt to apply
specific crieria which resnliod from past eXperance with the
OH fendamental. Theve six crieria ove deravied heve i Ref

11 Y

A gpeal four-Gamsian decompostion of the OH-
OVErIOne SPECTIum COrTEsponding 10 6% °C s shown in Fig 4
This decomposition and Other wmuiat decomponcions of
spectra obtained from 20 10 95 °C. were found to meet the
crnerna linted in Ref (160 However. & 2 further tem of the
COmponent frequencite. it i weful 30 examine Tobie (.

Ia Table §{ Ramen froguency valuss cotrenponding to
Coumsian component conters sre compared for fundamental
and oversene OH regions of pure 1,0. A messure of the %
anharmonieity is included, asmely, 100 285-4 V28, where
20 is the first Aormonic fregquency. i &, twice the fundamen-
tal froquency £ and 4 is the frequency of the Art overtone.

1a regard 10 Tabie | and alo 10 Fig. 4 it should be nosed
thet she Gonssion componenss are desvgnoved from (1) 00 1) in
onder of increasing froquence. This ordenag scheme apphies
10 the OH overtone components as well a8 60 the OH funds-
mental components. sad %t 18 employed extensively below.

As seen from Table |, thive oversone components st
2030, 6850, and 6065 cm ~ ' have snharmonicitias of ~ )%,

y
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